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Ribozyme-Catalyzed Transcription
of an Active Ribozyme
Aniela Wochner, James Attwater, Alan Coulson, Philipp Holliger*

A critical event in the origin of life is thought to have been the emergence of an RNA molecule
capable of replicating a primordial RNA “genome.” Here we describe the evolution and
engineering of an RNA polymerase ribozyme capable of synthesizing RNAs of up to 95 nucleotides
in length. To overcome its sequence dependence, we recombined traits evolved separately in
different ribozyme lineages. This yielded a more general polymerase ribozyme that was able to
synthesize a wider spectrum of RNA sequences, as we demonstrate by the accurate synthesis of an
enzymatically active RNA, a hammerhead endonuclease ribozyme. This recapitulates a central
aspect of an RNA-based genetic system: the RNA-catalyzed synthesis of an active ribozyme from
an RNA template.

An earlier, simpler biology might have re-
lied on RNA for both heredity and me-
tabolism. Evidence for such an “RNA

world” (1) preceding modern life includes the
central catalytic and informational roles of RNA
in splicing, gene expression, and translation (2–4),
as well as the versatility of RNA in forming spe-
cific receptors and catalysts (5, 6). Organisms of
the putative RNAworld would have required an
RNA polymerase ribozyme for both RNA-based
heredity and the expression of “RNA genes.”
Although the ancestral replicase appears to
have been lost, key functional aspects of RNA-
catalyzed RNA replication can be studied “by
proxy” with the use of modern ribozymes gen-
erated by in vitro selection, such as the R18
RNA polymerase ribozyme (Fig. 1A) (7). R18
was isolated from a random sequence pool by
in vitro evolution and stepwise engineering of
the initial class I ligase ribozyme (8–10). Al-
though R18 is a general RNA polymerase, its
activity is both sequence-dependent and limited
to transcribing stretches of RNA up to 14 nu-
cleotides (nt) long on a favorable RNA template
(7). Starting from R18, we have used both RNA
evolution and engineering to generate new RNA
polymerase ribozymes with improved polymer-
ase activity and sequence generality (11).

Compartmentalized bead-tagging. Strategies
for the in vitro selection of catalytically active

RNAs commonly involve the acquisition (or
loss) of a capture tag for recovery (12, 13). This
restricts direct selection for more advanced en-
zymatic properties, such as multiturnover catal-
ysis. Directed evolution of RNA polymerase
ribozymes is complicated further by their poor
primer extension efficiency: Substantial exten-
sion of a single primer remains a sporadic event,
which reduces the effective size of polymerase
ribozyme libraries. Furthermore, ribozyme rep-
ertoires must be transcribed by, for example,
T7 RNA polymerase, which outperforms likely
ribozyme polymerase candidates and must there-
fore be absent during the selective step. Finally,
a sensitive and sequence-specific detection strat-
egy is required to distinguish between simple
nucleotide transferase and genuine templated poly-
merase activities.

We developed a selection strategy, termed
compartmentalized bead-tagging (CBT), that har-
nesses water-in-oil emulsion technology (14) to
link ribozyme genes to thousands of copies of
the corresponding ribozyme via microbead dis-
play (fig. S1). CBT separates transcription from
subsequent selective primer extension and allows
the selection of clonal ribozyme populations
rather than individual ribozyme molecules. The
sampling of the aggregate activity of thousands
of clonal ribozymes and a sensitive fluorescence
signal amplification of extended primers by roll-
ing circle amplification (RCA) (figs. S1c, S2, and
S3) enable the discovery and isolation of poly-
merase ribozymes as a function of their primer
extension capability. We validated CBT using
model selections of R18 ribozyme genes spiked

into an excess of inactive R18 genes (R18i) (fig.
S1b), which yielded up to a 105-fold enrichment
of active genes (fig. S1d).

Ribozyme RNA polymerase selection. We
sought to improve ribozyme-primer-template in-
teractions, known to be poor in the R18 ribozyme
(7, 15, 16), by appending a random-sequence
RNA domain to the 5′-end of R18, a region im-
plicated in interactions with the primer-template
duplex (17). A short “stem” RNA (table S1) that
completes R18 by formation of a helix (P2) (7)
was omitted from this selection as its functional
relevance had been called into question (16).

CBT selection was applied to this library (~5 ×
107 sequences) (table S2). We developed a micro-
titer plate–based assay (RPA, ribozyme polymer-
ase plate assay) (fig. S4) to screen for clones of
interest. After three rounds of CBT, we observed
an increase in polyclonal ribozyme activity (fig.
S5a) and, by RPA, identified one ribozyme (C19)
with improved RNA polymerase activity among
22 clones screened (Fig. 2, A and B).

C19 differed from the parent R18 ribozyme
by the presence of a new 5′-domain, as well as a
single point mutation (G93A) (Fig. 1B). The
G93A mutation was located in the P2 region of
the ribozyme and compensated for the reduc-
tion in polymerase activity caused by the ab-
sence of the stem oligonucleotide. Indeed, the
A93G back-mutation rendered C19 RNA poly-
merase activity stem-dependent (fig. S5b).

Secondary structure prediction of the new 5′-
domain indicated that it comprised a 6-nt single-
stranded sequence segment (ssC19) at the 5′
end, followed by a hairpin domain (HPC19). ssC19
showed complementarity to the 5′ end of the tem-
plate (TΙ) that had been used for both selection
and screening. Binding of ssC19 to the template
was required for C19 activity, as templates con-
taining successive mutations of the ssC19 com-
plementary sequence showed a progressive loss
in activity (Fig. 2C). Compensating mutations
in ssC19 (to reconstitute a 6-nt hybridization site)
restored activity, although not consistently to
C19 levels. This suggests that ssC19 enhances
C19 activity primarily (but not exclusively) by
promoting recognition and binding of template
downstream of the primer 3′ end.

Long-range RNA synthesis. Although C19
showed improved polymerase activity on the
selection template TΙ (Fig. 2B), the activity en-
hancement of C19 compared with R18 was much
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less pronounced on longer templates, where the
ssC19 binding site was located farther downstream
of the primer (Fig. 2D). We speculated that C19
was structurally adapted to extending primers
close to the ssC19 binding site. We therefore engi-
neered a series of 5′-domain variants of C19,
where either single secondary-structure elements

[sequences upstream of ssC19 (R10), ssC19, and
HPC19], or combinations thereof, were omitted
(fig. S6). One of these truncation variants, tC19
(Fig. 1C), lacking sequences upstream of ssC19
andwithHPC19 replaced by a four-residue adenine
(A4) spacer, showed improved RNA polymerase
activity on the longer template TΙ-3 comparedwith

the parent C19 ribozyme (Fig. 2D), and extended
13% of primers by over 26 nt (table S4).

In the putative RNA world, both RNA repli-
cases and replication templates would have been
under selective pressure to coevolve toward maxi-
mum replication efficiency. We sought to mimic
aspects of this adaptive process by evolving tem-

Fig. 2. Selection and engineering of C19. (A) RPA of clones from the N48
library selection after three rounds of CBT probed for basic activity (probe P1,
blue) and more stringently (probe P2, red). Absorbance at 450 nm (as OD) is
shown normalized to R18. (B) Primer extension activity of R18 and C19
ribozymes on the selection template TI. (C) Primer extension by C19 on templates

with successive point mutations (red) in the ssC19 binding site (“template mu-
tation”), and with compensating mutations (to reconstitute a 6-nt hybridization
site) in C19 (“template mutation + C19 mutation”). ssC19 and its respective
binding site are depicted in green. (D) Primer extension activity of tC19 com-
pared with the R18 and C19 ribozymes on template TI-3.

Fig. 1. Evolved and engineered ribozymes. Secondary structures of (A) R18 (7);
(B) C19, as predicted bymfold (27); (C) tC19; and proposed secondary structures
for (D) Z; and (E) tC19Z. Mutations isolated from the Z selection are depicted in

magenta, sequences isolated from the C19 selection in orange, and engineered
residues in green. The A159C mutation is shown to reshape the processivity
domain by stabilizing helix P12. [Run-through transcript, 3′-RTT (table S1).]
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plates adapted to tC19 using the downstream
ssC19 recognition site. We applied a template se-
lection scheme (fig. S7) to a library of templates

based on TΙ-3 (table S1). After two rounds of
template selection, ~50% of sequences isolated
were derived from a single template (TΙ-5), in
which TΙ-3 had been extended by two additional
repeats of the central 11-nt sequence. TΙ-5 could
be transcribed to ≥47 nt by tC19, with 1.5% of
primers extended beyond this point (table S4).
We generated a series of templates based on the
same design principles containing increasing num-
bers of the 11-nt repeat (TΙ-1 to TΙ-10) (table S1).
On these templates, tC19 could extend primers
by up to 95 nt (Fig. 3) with a fidelity (expressed
as the probability of mutation per incorporated
nucleotide) of 2.7 × 10−2 as determined by se-
quencing full-length extension products (fig. S8).
Extension products of ≥91 nt were synthesized
with a yield of 0.035% of total primer (table S4).
Yields of full-length products are limited by a
number of factors, including chain termination and
ribozyme and product degradation (18). Together,
these result in a 7% termination probability (on
average) per template position (table S4).

Sequence generality. tC19 enabled the syn-
thesis of some long RNAs, but its polymerase
activity, like that of its parent R18, remained
template-dependent. Although capable of long
primer extension on favorable templates, synthe-
sis from a majority of RNA template sequences
was limited. To improve generality, we performed
a second series of selection experiments starting
from a library of 5 × 107 randomly mutated R18
genes. This starting pool was subjected to three
rounds of low-stringency CBT selection to de-
plete it of detrimental mutations. We then gen-
erated new combinations of neutral and beneficial
mutations through recombination (19), before
applying five additional rounds of increasingly
stringent CBT selection, using two distinct se-
lection templates to encourage the emergence of
generality (table S3), after which the activity of
this polyclonal pool rose to exceed wild-type
R18 activity. Screening by RPA identified a clade

of ribozymes (fig. S4c) with substantially im-
proved activity comprising between three and
five mutations. We analyzed the contributions of
these mutations to disentangle their effects on
RNA polymerase activity (fig. S9). Combination
of the most favorable mutations (C60U, G93A,
G95A, and A159C) in a single RNA molecule
yielded Z (Fig. 1D), a ribozyme RNA polymer-
ase with improved sequence generality (fig. S10).
Combining Z’s core mutations with the 5′ exten-
sion of tC19 yielded the hybrid ribozyme tC19Z
(Fig. 1E) with improved sequence generality and
polymerase activity. Although still not indepen-
dent of the template sequence, this ribozyme out-
performed all of its parent ribozymes (R18, tC19,
and Z), synthesizing longer extension products
on a range of different primer-template sequences
(designed to comprise approximately equal repre-
sentation of all four nucleobases, as well as all
16 dinucleotide combinations) (Fig. 4A). tC19Z
also exhibited a further improvement in fidelity
(8.8 × 10−3), as determined by sequencing of
full-length extension products (fig. S8).

Hammerhead ribozyme synthesis by tC19Z.
The improvements in RNA polymerase activity
and fidelity in the tC19Z ribozyme encouraged
us to explore the synthesis of an RNA sequence
that encodes a catalytic activity: a hammerhead
nuclease ribozyme. To facilitate the synthesis
of sufficient amounts of full-length ribozyme for
characterization, we chose a minimal version of
the hammerhead endonuclease designed for ther-
apeutic applications (20) (Fig. 4B). In contrast
to R18, the tC19Z RNA polymerase ribozyme
could synthesize full-length (>24 nt) hammer-
head minizymes (Fig. 4C, left, and fig. S11).
Both the +24-nt minizyme and a pool of longer
extension products (≥27 nt) exhibited catalytic
activity and performed sequence-specific cleav-
age of a cognate substrate RNA (Fig. 4C, right).

The tC19Z phenotype arises from the contri-
butions of four mutations (C60U, G93A, G95A,

Fig. 4. Generality and hammerhead synthesis. (A) Primer extension by
R18, Z, tC19, and tC19Z on different primer-template duplexes (primer, P;
template, T; ribozyme, RZ). (B) Secondary structure of hammerhead endo-
nuclease minizyme with ribozyme-synthesized segment (green) and sub-
strate (red). Essential catalytic residues are boxed. (C) Fluorescent primer
extension on minizyme templates by ribozymes R18, Z, tC19, and tC19Z

(left). tC19Z-synthesized extension products long enough to form a sym-
metrical minizyme with the substrate (+24 and ≥+27, red boxes) were pre-
pared (fig. S11) and tested for endonuclease activity (right). One to 3% of
substrate is cleaved by the control minizyme (+) and by both tC19Z-
synthesized minizymes (+24 and ≥+27) with comparable efficiencies (table
S5), but not in their absence (–) (substrate, S; cleavage product, CP).

Fig. 3. Long-range RNA synthesis on engineered
template series TI-n by the tC19 and R18 ribozymes
(7 days). “n” indicates the number of repeats of the
central 11-nt sequence between primer and ssC19
binding sites. The schematic depicts primer exten-
sion by tC19 on TI-n.
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and A159C), as well as a short 5′-extension (5′-
GUCAUUGAAAA) to the parental R18 ribo-
zyme. TheC60Umutation incrementally enhances
RNA polymerase activity; it is the only mutation
selected in the catalytic core and changes a G-C
base pair to a weaker G-U wobble pair in the cen-
tral P6 stem. The G93A and G95A mutations in
the P2 region disrupt interaction with (and render
ribozyme activity independent of) the stem oligo-
nucleotide. G93A and G95A may be necessary
to tolerate a single-stranded P2 region in the ab-
sence of stem or, alternatively, could promote new
interactions with the primer-template duplex or
the ribozyme processivity domain. A159C is lo-
cated in the processivity domain (residues 98 to
187), as part of a large asymmetric internal loop.
A159C allows the formation of a newG133:C159
base pair, which augments a potential 4–base pair
stem (P12) formed by bulge segments A129 to
U132 (5′-ACCU) and A160 to U163 (5′-AGGU)
(Fig. 1, D and E). Indeed, G133U, a separate ben-
eficial mutation that was isolated in the selection,
would stabilize the P12 stem in an identical way,
by promoting formation of an U133:A159 base
pair. These two mutations, although beneficial in-
dividually [with A159C superior to G133U (fig.
S9)], negate one another’s effects when com-
bined. This strongly suggests that the selected
trait is indeed the formation of a new base pair
between positions 133:159, presumably to reshape
the structure of the processivity domain. Indeed,
a recent study on the processivity domain of the
closely related B6.61 RNA polymerase ribozyme
also suggested the presence of a 4–base pair P12
stem (21).

The ssC19 sequence tag emerged rapidly in
the selection and appears to mediate interaction
with the 5′ end of the template strand. This inter-
action is reminiscent of the recognition of target
mRNAs by the prokaryotic ribosome through
the Shine-Dalgarno sequence (22) and primor-
dial mechanisms of template recognition as pro-
posed by the genomic tag hypothesis (23). Such
recognition might have been advantageous in
a prebiotic setting, where an RNA polymerase
ribozyme would not have evolved in isolation but
in the presence of a large number of unrelated
RNA oligomers. In such an environment, spe-
cific interactions between a replicase and cognate
templates via a recognition tag that promotes

polymerization (Fig. 2C) could have supported
a primitive form of kin selection, which would
enable self-replication and Darwinian evolution
even in the absence of compartmentalization in
protocellular entities.

RNA replication must proceed with a mini-
mum fidelity, as defined by the “error threshold”
(24, 25), to avoid corruption of encoded genetic
information. tC19Z contains the C60U mutation
in the catalytic core, as well as several other mu-
tations that could potentially affect its fidelity.
We determined aggregate fidelities (both deletion
mutations and nucleotide misincorporations) of
the different ribozymes by sequencing full-length
extension products (Fig. 5). This method mea-
sures the fidelity of the ribozyme for the synthe-
sis of a given sequence (7, 18), however, truncated
extension products are not probed for potential
errors (see supporting online material text S1).
By this measure, we determined tC19Z’s fidelity
as 8.8 × 10−3 (fig. S8), which suggested an im-
provement compared with both the parent R18
(4.3 × 10−2) (18) and the intermediate tC19 (2.7 ×
10−2) ribozymes. Some RNA sequences are syn-
thesized by tC19Z with even greater accuracy.
Analysis of the hammerhead ribozymes synthe-
sized by tC19Z revealed just two mutations in
37 sequenced clones (2× G→A transitions in
999 nt), which indicates a fidelity of 2 × 10−3—
a 20-fold improvement over the fidelity of the
parent R18 ribozyme. Although comparisons are
imperfect because of some differences between
the sequences sampled for the different ribozymes,
there is a notable reduction in A→G transition
mutations in the mutation spectrum of tC19Z
(and to a lesser extent in tC19), which suggests
a reduced susceptibility to misincorporation of
G opposite template U. On the other hand, the
reverse C→U transition mutation (denoting mis-
incorporation of U opposite template G) is not
decreased, indicating an asymmetric, i.e., strand-
specific recognition of the G•U wobble pair by
tC19Z.

The R18 RNA polymerase ribozyme had
beenwidely considered to be an evolutionary dead-
end, trapped in a local activity optimumand largely
refractory to further substantial evolution (26).
Starting from R18, we have shown that the CBT
selection method, in combination with RNA engi-
neering, can yield polymerase ribozymes, such as

tC19Z, that display enhanced polymerase activity
and fidelity, as well as generality, and allow the
ribozyme-catalyzed transcription of an active
ribozyme from an RNA template.
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Fig. 5. RNA extension fidelity. Error
spectra (defined, on the y axes, as
the average percentage of incorrect
nucleotides inserted, per position) of
full-length extension products syn-
thesized by RNA polymerase ribo-
zymes R18 (A), tC19 (B), and tC19Z
(C). The error rate denotes the aver-
age probability of a mutation per nu-
cleotide position (fig. S8). Fidelity data
for R18 is derived from Attwater et al.
(18).
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